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ABSTRACT

Surface analysis techniques have been used to investigate
tin oxide-coated soda lime glass specimens prior and
subsequent to their exposure to DC bias, heat, and humidity.
All specimens reported here comprise the following layered
structure: tin oxide/silicon oxycarbide/glass. Depth
profiling using X-ray photoelectron spectroscopy (XPS)
clearly shows the interfacial regions in both control samples
and samples exposed to the above-mentioned conditions
(stressed). Control samples show distinct and relatively
compact interfacial regions as well as an intact silicon
oxycarbide diffusion barrier. Stressed films, however, show
more diffuse interfacial regions and a physically and
chemically altered silicon oxycarbide diffusion barrier. This
deterioration of the diffusion barrier is proposed to be a pre-
requisite event to enable tin oxide delamination.

1. Introduction

Thin-film PV success depends on the viability of modules
under long-term exposure to widely varying environmental
conditions. Temperature and humidity are two of the most
important environmental conditions, and the performance of
PV modules subjected to these conditions ultimately
determines module reliability. Recent observations of both
deployed modules and modules subjected to accelerated
lifetime testing to simulate long-term environmental
exposure seem to indicate, that under certain combinations
of temperature and humidity as well as operational or
applied voltages, delamination of the tin oxide thin film
from the glass substrate can occur.[1] A definitive and
experimentally proven mechanism responsible for tin oxide
delamination has yet to appear in the literature, however, it
seems that heat, humidity, and operational or applied
voltage, either separately or in combination, are active in the
mechanism. Since sodium is a major component of soda
lime glass, many researchers believe that sodium migration
is involved in the delamination mechanism. The most likely
explanation for this link is based on the exchange of sodium
counterions in glass for hydrogen from water to create
silanol (SiOH) groups accompanied with the formation of
sodium hydroxide. The sodium hydroxide further attacks
the glass Si-O-Si network structure to form additional
silanol end groups.[2] This in turn can lead to tin oxide-
glass delamination.

There have been few reports of the application of surface
analysis techniques toward understanding the mechanism
behind tin oxide-glass delamination. A fair amount of basic
surface analysis has been performed on tin oxide films and
glass substrates; however, most of this work has not been

PV related. Furthermore, relatively little surface analysis
has been performed on laboratory PV specimens subjected
to accelerated lifetime testing or on actual deployed
modules for that matter. Examination of delaminated tin
oxide-glass structures seems to be limited to utilization of
scanning electron micrographs that, while qualitatively
providing an image of the delaminated surface, do not
provide for surface chemical element compositional
information or information regarding chemical bonding
structure/environment. Surface analysis techniques such as
XPS are well suited for these investigations. As well as
qualitative and quantitative surface information obtained
from XPS, binding energies of ejected photoelectrons are
sensitive to chemical valence state and local chemical
environment. In addition to providing true surface analysis
of the specimens with an information depth of about
50-100 A, an argon sputter gun can be used to controllably
sputter through the film to reveal information beyond the
first 50-100 A and provide a true chemical element depth
profile. Depth profiles are then particularly useful for
examination of materials that contain interfacial regions
such as the tin oxide/silicon oxycarbide/glass system.

Finally, although the structure and composition of glass
and tin oxide have received a reasonable amount of attention
in the literature, there seems to have been little focus on
exploring the composition, integrity, and intended role of
the silicon oxycarbide (SiO4Cy) layer.

2. Experimental

Samples from NREL and Energy Photovoltaics (EPV)
were used in these studies. EPV has developed a procedure
for stressing transparent conductive oxide (TCO) films that
is described in a recent paper.[3]  First, electrical
connections are established to the samples by soldering
copper wire to the TCO and soldering an indium contact pad
to the glass side. The sample is placed glass side down on
an electrically conductive pre-heated metal hot plate at 180°
to 225°C with the TCO contact connected to the negative
side of a DC power supply and the electrically conductive
hot plate (in contact with the glass contact) connected to the
positive side of the supply. 10 to 100 VDC are applied for
upward of 15 minutes. Finally, the sample is allowed to
cool either in air, under dry conditions, or in a humid
environment. An apparatus currently under construction at
NREL is similar to the EPV design, but will involve certain
unique features such as alternative methods for connections
to the glass and tin oxide as well as utilization of ultra low
humidity glove box storage conditions. Control and



stressed samples were all examined using a PHI 5600 XPS
spectrometer equipped with a monochromatic aluminum X-
ray source. A base vacuum level of approximately 5 x 107"
torr ensures a negligible amount of additional moisture
exposure once samples are placed in the instrument.
Finally, an argon sputter gun is used to sputter the samples
in a controllable fashion by alternating data collection and
sputter cycles.

3. Results and Discussion

Figure 1 shows the XPS depth profile for a commercial
sample of tin oxide/glass that was not subjected to the
above-described stressing procedure. The y-axis displays
atomic concentration of the corresponding elements, and the
X-axis is sputter time in minutes. Through proper
calibration of the instrument, this axis may alternatively be
plotted as thickness. An initial survey scan of this sample
revealed only tin, oxygen, and adventitious carbon within
the first 50-100 A of analysis depth. The tin oxide layer is
estimated to be over 8000 A, and, consequently, only tin
and oxygen are determined for the first 190 minutes of
sputter time. Due to the thickness of the tin oxide and its
uniform composition, the first 100 minutes of the profile are
not shown in Fig. 1. One peak for oxygen Is photoelectrons
derived from oxygen in tin oxide is observed at a binding
energy of 530.6 eV. As the sputter crater reaches a depth
wherein photoelectrons from additional oxygen-containing
layers are detected, a second broad Ols peak begins to
appear. This peak is centered at 533.0 eV and is well
resolved from the tin oxide oxygen peak. By using oxygen
Is scans from the beginning and end of the depth profile,
linear least squares analysis (LLS) is used to fit the two
forms and then plot the corresponding contributions from
these forms as a function of sputter time. The peak at 533.0
eV is due to photoelectrons from oxygen in glass as well as
oxygen in the silicon oxycarbide layer in  proportions
dependant on sputter depth. Photoelectrons from oxygen in
both the glass and silicon oxycarbide layer occur at a higher
binding energy than oxygen in tin oxide due to their more
electropositive environment compared to their environment
in tin oxide; and assignments are consistent with literature
values.[4] Using a smaller pass energy on the XPS analyzer
in future studies may resolve the glass and oxycarbide
oxygen forms.
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Figure 1. XPS depth profile of control sample

Occurring almost simultaneously with the appearance of
the second oxygen peak in the depth profile was the
appearance of silicon, which persisted throughout the
completion of the depth profile. Unlike the oxygen spectra,
the silicon spectra did not have two well-resolved
components.  Rather, the peak seemed to shift from
103.0 eV at the onset of detection, to about 103.6 ¢V as bulk
glass was approached. Figure 2 shows a stack plot of
selected silicon spectra as a function of increasing sputter
time. Target factor analysis (TFA) was conducted to
determine that two individual silicon species were
responsible in varying proportions for the peaks — one
centered at 103.0 eV occurring early in the profile, and the
other at 103.6 eV dominating later in the profile. In TFA,
principal component analysis (PCA) is first used to
determine the number of component spectra required to
reproduce the original spectra data within a certain amount
of experimental error. In the next stage, spectral target
factor analysis is performed to test each suspected
component spectrum from the profile itself. Finally, once
all the component spectra are identified, TFA will display
the atomic concentration of each component as a function of
sputter time. Figure 3 illustrates the two silicon-containing
components determined by TFA for this depth profile. By
displaying the resultant silicon components in the depth
profile, the silicon species at 103.0 eV appears within a
distinct window in the profile from about 180 to 230
minutes and is clearly due to Si in SiO4C,. The assignment
of this component to Si from SiOC, is further substantiated
by the appearance of carbon within this same window (see
below). The second Si-containing component at 103.6 eV
begins to appear at about 210 minutes and eventually
dominates the silicon species throughout the rest of the
profile. This species is clearly due to Si in glass. The
binding energies of these two Si peaks are consistent with
the local chemical environments of Si in SiO,C, vs. Si in
glass and is consistent with literature values.[4,5] Within
the same window of sputter time that the SiO4C, silicon
peak dominates, a single carbon peak centered at 284.0 eV
also appears, consistent with carbon from SiO4C,. The Si
(glass) peak is accompanied by the appearance of the alkali
metal components of glass (Na, Mg and Ca), which are not
shown.
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Figure 2. Silicon stack plot
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Figure 3. Principal silicon components (control)

The XPS depth profile of the EPV stressed sample is
shown in Figure 4. The sample was stored in desiccant
prior to analysis in an attempt to delay or avoid tin oxide
delamination. EPV has found that if samples are subjected
to the final step of the procedure (humidity exposure), the
tin oxide will delaminate. As in Fig. 1, the first 100 minutes
of the profile have been truncated. Oxygen s peaks and
assignments are identical to those of the control sample. The
maximum for carbon concentration was found to occur at a
slightly higher sputter time than for the control sample,
which may be due to slightly different sputtering rates of the
instrument since the samples were analyzed several days
apart. For comparison purposes, the profiles for Figs. 1 and
4 have been time adjusted to align this carbon peak. As the
profile first approaches and then extends into the bulk glass,
sodium, magnesium and calcium begin to appear, and,
eventually, steady state concentrations of these elements as
well as silicon and oxygen from glass are reached. Note that
sodium, magnesium, and calcium are not shown in the
profile.

The profile for the stressed sample in Fig. 4 is markedly
different from the control profile in Fig. 1. First of all, the
interfacial regions are not as sharply defined as in the
control. Although the sample was stored in desiccant by
EPV, it is possible that the delamination process has started.
The degree to which this has potentially occurred would
depend on a multitude of variables, including desiccant
condition, threshold levels of humidity required for
delamination, and exposure time to ambient prior to loading
the sample in the instrument etc. A previously compact tin
oxide layer that deteriorates and detaches from the SiO,C,
layer or along with SiO,C, with the creation of voids would
explain the qualitative differences in the tin profiles. Unlike
the control sample, the stressed sample does not exhibit two
distinguishable silicon components as tested by TFA. This
means that even though Si 2p photoelectrons may arise
from multiple silicon-containing species, all the silicon
atoms exist in indistinguishable valence states or chemical
environments, resulting in one peak centered at about
103.2 eV. This indicates that there has been a chemical
breakdown of the silicon oxycarbide diffusion barrier, and
the extended window over which carbon detection occurs
may be an indication of a deterioration of SiO.C, physical

integrity, such as interfacial failure within the SiO,C, layer.
In fact, additional analyses of EPV delaminated samples
were conducted but are not illustrated here.[3] In areas
where no visible tin oxide remains, XPS survey scans
detected only carbon, silicon, oxygen, and alkali glass
metals. Furthermore, depth profiles revealed that the carbon
detected was due only negligibly to surface-confined
adventitious carbon, since depth profiles revealed steady
state carbon concentrations upward of 20 atomic percent for
over 20 minutes. These observations are consistent with
complete or partial interfacial failure at or within the silicon
oxycarbide layer for both this and the sample represented by
Fig. 4, respectively.

At this time, we have seen no reliable differences in the
degree of sodium migration for control and stressed
samples. However, a chemical and physical breakdown of
the diffusion barrier would certainly allow for a sodium-rich
glass surface to interact with diffused water to create a
caustic alkali environment capable of destroying the
-Si-O-Si- network structure and the associated interfacial
bonds.
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Figure 4. XPS depth profile of stressed sample

4. Conclusions

XPS depth profile investigations of control and stressed
tin oxide thin films on glass have proven to be a useful tool
toward better understanding interfacial failure mechanisms
and resulting delamination events. Various data reduction
techniques were employed to carefully examine the depth
profile data including linear least squares fitting and target
factor analysis. Depth profiles of the samples were
consistent with a layered structure described as SnO,/
Si0,C,/glass, and all of the interfaces of the samples were
clearly evident. In both control and stressed samples, linear
least square fitting of the oxygen profile was employed by
using scans from early and late in the profile to define
representative oxygen forms. As a result, oxygen from tin
oxide can easily be distinguished from oxygen in glass and
SiO4Cy. Although it was not possible to deconvolve oxygen
as silicon oxycarbide from oxygen as glass, future studies
will employ higher resolution detection and angle-resolved
XPS techniques in combination with data reduction
techniques to try to distinguish these forms. A separation of
their respective contributions may in fact not be possible



due to the similar chemical environments of oxygen in both
of these forms.

Of particular interest in the samples was the clear
indication of the silicon oxycarbide layer. Over the course
of the profile for the non-stressed control sample, target
factor analysis revealed two unique silicon-containing
components.  The lower binding energy component
coincided with the appearance of a carbon peak within the
same sputter time window, and this lower energy Si
component was assigned to Si from the silicon oxycarbide
layer. Somewhat later in the profile, a higher binding
energy form of Si begins to dominate the Si signal and is
assigned to Si from glass. Identification of the diffusion
barrier layer in the control was found to be critical toward
comparing this same layer in stressed samples where an
apparent physical and chemical breakdown of the diffusion
barrier seems to occur. This breakdown is believed to be a
critical event during interfacial failure that ultimately may
enable the delamination event.

Ongoing studies are focused on the examination of a
multitude of other tin-oxide-coated glass samples by XPS as
well as other surface analysis techniques. Samples are
being prepared by a variety of techniques, and stress
parameters are thoroughly varied and examined. In
addition, data collection parameters are under investigation,
including varied sputter interval times/rates, detector pass
energy, and sample tilt angle (angle resolved).
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